Introduction {#Sec1}
============

Microcantilever sensors have proven to be useful tools for highly sensitive detection of small signals^[@CR1]--[@CR4]^. A prerequisite for high performance microcantilever sensors lies on effective excitation of the microcantilevers. To date, a variety of excitation methods have been established^[@CR5]--[@CR8]^. Among these, photothermal excitation is particularly of interests due to remote and non-contact interaction, characterized by a clean frequency response free of spurious resonances. It is thus considered quite suitable for high speed, high resolution, and quantitative analysis, in particular in liquid or harsh environments where other techniques are not easily applicable^[@CR9]^. For example, photothermal excitation allows atomic force spectroscopy (AFM) imaging to be remarkably simple, extraordinarily stable, and extremely accurate^[@CR10]--[@CR12]^. However, photothermal excitation still suffers from low excitation efficiency^[@CR13]^. The input optical power must be sufficiently high to effectively actuate a microcantilever, which may lead to undesired side effects such as mechanical nonlinearity, frequency shift, and even optical damages^[@CR14]^.

Plasmonic nanostructures are abundant in optical properties and can help trap light at metal/dielectric interface^[@CR15],\ [@CR16]^. The previous decade has witnessed the development of numerous novel applications related to plasmonic nanostructures in photocatalysis^[@CR17]^, solar cells^[@CR18]^, photodetectors^[@CR19]^, biosensors^[@CR20]^, light emitting diode (LED)^[@CR21]^, photothermal therapy^[@CR22]^, and surface enhanced Raman scattering (SERS)^[@CR23]^. We explore in this article the feasibility of using plasmonic nanostructures to tune the vibration behaviors of microcantilevers and understand some of the fundamental aspects.

Results and Discussion {#Sec2}
======================

To understand the excitation principle, it is essential to know the surface morphologies and the optical properties of the microcantilevers. Figure [1a--c](#Fig1){ref-type="fig"} show the SEM images of the blank, the as-coated, and the NP-coated microcantilevers. The blank microcantilever shows a very smooth surface. The as-coated microcantilever (*T* ~*s*~ = 120s) shows continuous Au film characterized by a network of small microcracks with an average length of \~35 nm and width of \~13 nm. Thermal treatment at 500 °C results in the formation of thermodynamically more stable Au NPs, similar to previous investigations^[@CR24]^. Figure [1d](#Fig1){ref-type="fig"} shows the histogram for the particle size distribution obtained from a statistical analysis of 950 NPs. The particle diameters range from several nanometers to \~50 nm and mainly concentrated between 16 nm and 32 nm. A statistical analysis reveals that the average particle size (D) and the surface coverage ratio (R) are \~25.3 nm and \~32.7%, respectively.Figure 1SEM images of the blank (**a**), as-coated (**b**) and NP-coated (**c**) microcantilevers after Au deposition for 120 s, followed by annealing at 500 °C in N~2~ for 1 hour. (**d**) The histogram for the particle size distribution obtained from a statistical analysis of 950 NPs. (**e**) The optical reflectance spectra for the blank, as-coated and NP-coated microcantilevers.

Figure [1e](#Fig1){ref-type="fig"} shows the reflectance spectra of the three microcantilevers. The blank microcantilever features the reflectance spectrum of silicon^[@CR25]^. The as-coated microcantilever shows increased reflectance in VIS-IR region (\~400--850 nm) due to the presence of Au film^[@CR26]^. The NP-coated microcantilever shows reduced reflectance characterized by a reflectance peak around 534 nm, which can be attributed to localized surface plasmon resonance (LSPR) of Au NPs, collective resonance of the conduction electrons in response to incident optical waves^[@CR27]^.

Wavelength dependence {#Sec3}
---------------------

Au NPs can greatly change the vibration behaviors of a microcantilever. Figure [2a](#Fig2){ref-type="fig"} shows the frequency responses of the blank, the as-coated and the NP-coated microcantilevers (*l* ~*Si*~ = 350 µm, *T* ~*s*~ = 120 s). A LED (523 nm, 35 mW/cm^2^) was used for the excitation of the microcantilevers. It is evident that both the Au film and the Au NPs can greatly increase the vibration amplitude (*Z*).Figure 2(**a**) The frequency response of the 1st resonant mode for the blank, as-coated and NP-coated microcantilevers (*l* ~*Si*~ = 350 µm, *T* ~*s*~ = 120 s). (**b**) A schematic illustration of the excitation mechanisms. The Blank microcantilever vibration is dominated by the thermal gradient effect (upper). The As-coated microcantilever vibration is dominated by the bi-material effect (middle). The NP-coated microcantilever vibration contain both the thermal gradient effect for the area without Au NPs and the bi-material effect for the area covered with Au NPs (below). (**c**) The frequency responses of the NP-coated microcantilever under modulated illumination by LEDs of different wavelengths. **(d**) The variation of the vibration amplitudes at resonance as a function of the LED wavelengths.

Photothermal excitation of microcantilever can be attributed to thermal expansion induced by the thermal gradient effect^[@CR28]^ and/or the bi-material effect (Figure [2b](#Fig2){ref-type="fig"})^[@CR29]^. The thermal gradient effect originates from the cyclic heat flux along the thickness direction, while the bi-material effect comes from different thermal expansion coefficients of two materials, e.g. Au and Si. As a result, modulated optical illumination excites the microcantilever to vibrate. Notably, the excitation of a microcantilever covered with Au NPs should contain both the thermal gradient effect for the area without Au NPs and the bi-material effect for the area covered with Au NPs (Figure [2b](#Fig2){ref-type="fig"}). In our case, our calculation indicates that the bi-material effect is in phase (*α* ~*Au*~ = 14.2 µm·m^−1^·K^−1^, *α* ~*Si*~ = 2.6 µm·m^−1^·K^−1^), but greater than the thermal gradient effect^[@CR10],\ [@CR30]^.

Figure [2c](#Fig2){ref-type="fig"} shows the frequency response of the NP-coated microcantilever (*l* ~*Si*~ = 350 µm, *T* ~*s*~ = 120 s) under modulated illumination by LEDs of different wavelengths, but the same power density (*I* = 15 mW/cm^2^). Each experiment had been repeated three times to ensure stable responses. The maximum vibration amplitudes (*Z* ~*NP-coated*~) as a function of wavelengths are summarized in Figure [2d](#Fig2){ref-type="fig"}. The vibration amplitude shows a maximum enhancement of \~598% at 523 nm, close to the LSPR of Au NPs.

LSPR depends on the geometric aspects of the metal nanostructures^[@CR31]^, and surrounding dielectric environment^[@CR32]^. For Au NPs with diameters well below the wavelength of light, a point dipole model can be used to describe the absorption and scattering of light. The scattering cross-section (*C* ~*scat*~) and absorption cross-section (*C* ~*abs*~) are given by ref. [@CR33]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${C}_{scat}=\frac{{1}}{{6}\pi }{(\frac{{2}{\pi }}{{\lambda }})}^{{4}}{|\beta |}^{{2}},\,{C}_{abs}=\frac{{2}{\pi }}{{\lambda }}{\rm{Im}}[\beta ]$$\end{document}$$

where$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta ={3}V[\frac{{\varepsilon }_{{Au}}/{\varepsilon }_{{me}}-{\rm{1}}}{{\varepsilon }_{{Au}}/{\varepsilon }_{{me}}+{\rm{2}}}]$$\end{document}$$where *β* is the polarizability of the Au NP, *V* is the particle volume, *ε* ~*Au*~ and *ε* ~*me*~ are the dielectric function of Au NP and the embedding medium, respectively. When Re(*ε* ~*Au*~/*ε* ~*me*~) = −2 is satisfied, a resonant enhancement for both scattering and adsorption can be achieved. As a result, the Au NPs serve as nanoscale antenna to harvest photons, resulting in a significant temperature rise^[@CR34]^, which benefit both the thermal gradient effect and the bi-material effect.

Effects of Sputtering Time {#Sec4}
--------------------------

We then evaluated the effects of the sputtering time (*T* ~*s*~) on the vibration behaviors of the microcantilever (*l* ~*Si*~ = 350 µm) before and after fabrication of Au NPs. Figure [3a](#Fig3){ref-type="fig"} shows the enhancements of the vibration amplitudes (*Z* ~*NP-coated*~/*Z* ~*Blank*~) at the 1st resonance for microcantilever obtained under different *T* ~*s*~ ranging from 0s, 30s, 60s, 120s to 240s. The enhancement increases rapidly and reaches a maximum value (598 %) when *T* ~*s*~ = 120 s, then gradually decreases.Figure 3(**a**) Amplitude enhancement for microcantilevers (*l* ~*Si*~ = 350 μm) coated with Au NPs obtained under different *T* ~*s*~, with SEM images showing the morphological features. (**b**) The NP diameter and interparticle spacing as a function of the sputtering time (**c**) Variation of the resonant frequencies and quality factors of the microcantilevers obtained under different *T* ~*s*~.

The observation can be understood based on (1) the photothermal size effect and (2) the accumulative effect of Au NPs^[@CR35]^. The photothermal size effect depends on the radius of the NPs^[@CR32]^. The accumulative effect comes from coupled addition of heat fluxes generated by single NPs in proximity. The total heat generation can be written as a sum over all NPs: *Q*(*r, t*) = *Σ* ~*i*~ *Q* ~*i*~(*r, t*), where the *Q* ~*i*~(*r, t*) describes heat generation by the *i*th NP. The accumulative effect has been experimentally confirmed on Au nanoclusters^[@CR36]^, Ag nanoclusters^[@CR37]^, and silica-core/gold-shell nanoclusters^[@CR38]^. Figure [3b](#Fig3){ref-type="fig"} shows a histogram that summarizes the NP diameter and interparticle spacing as a function of the sputtering time, both of which increase with the sputtering time from 30 s to 240 s. A combination of both effects result in maximum amplitude enhancement for the microcantilever obtained at *T* ~s~ = 120 s.

Figure [3c](#Fig3){ref-type="fig"} shows the variation of the 1st resonant frequencies (*f* ~*1st*~) and the quality factors (*Q*) as a function of *T* ~*s*~. All the values were extracted from the frequency response curves by Lorentzian fittings. It is found that increasing *T* ~*s*~ from 0 s to 240 s will reduce *f* ~*1st*~ by 5.5% and increase *Q* by 12%. According to the classical beam theory, the decrease of *f* ~*1st*~ can be attributed to the added mass Δ*m* by the Au NPs^[@CR39]^. Similarly, since $\documentclass[12pt]{minimal}
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Effects of microcantilever length {#Sec5}
---------------------------------

We further investigate the effect of microcantilever lengths on the vibration amplitude by using microcantilevers of different lengths (*l* ~1~ = 250 μm, *l* ~2~ = 300 μm, *l* ~3~ = 350 μm) with *T* ~*s*~ = 120s. The results are summarized in Figure [4a](#Fig4){ref-type="fig"}. It is evident that the longer the microcantilever, the higher the vibration amplitude. The ratios of the vibration amplitude for the microcantilevers of different lengths are 1:1.41:1.76 (Blank), 1:1.45:2.24 (As-coated) and 1:1.47:2.15 (NP-coated), respectively.Figure 4(**a**) Vibration amplitude of the blank, as-coated and NP-coated microcantilevers of different lengths. (**b**) Vibration amplitude of the first two resonant modes of the microcantilever (*l* = 350 μm) as a function of LED power (λ = 523 nm).

Note that the vibration of the blank microcantilevers can be described by the thermal gradient effect with the vibration amplitude *Z* ~*Blank*~ given by ref. [@CR28].$$\documentclass[12pt]{minimal}
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In contrast, the vibration of the as-coated microcantilevers can be described by the bi-material effect with the vibration amplitude *Z* ~*As-coated*~ given by ref. [@CR41].$$\documentclass[12pt]{minimal}
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Both effects show that the vibration amplitude is proportional to the square of the microcantilever lengths, which yields a ratio of 1:1.44:1.96 for microcantilevers with lengths *l* ~*1*~ = 250 nm, *l* ~*2*~ = 300nm, *l* ~*3*~ = 350 nm, which agrees well with the experimental values.

Notably, the vibration amplitudes of the NP-coated microcantilevers are much greater than the blank and as-coated microcantilevers. This observation suggests that Au NPs are more efficient for photothermal excitation. We believe it can be ascribed to the accumulative thermal effect of Au NPs, which hinder the heat diffusion on the microcantilevers.

Furthermore, we measure the vibration amplitude of both the 1st and 2nd resonant modes of the NP-coated microcantilever (*l* ~*Si*~ = 350 μm, *T* ~*s*~ = 120 s) upon optical excitation by LEDs of different *I* (523 nm), as shown in Figure [4b](#Fig4){ref-type="fig"}. The vibration amplitude increases linearly with the power density from 8 mW/cm^2^ to 44 mW/cm^2^. The good linearity indicates that the NP-coated microcantilever can serve as an excellent optical power meter. The detection limit of optical power meter can be determined by the slope of the ratio of microcantilever amplitude and LED power, and exhibit a detection limit of 0.37 pm/nW and 0.018 pm/nW for the 1st and 2nd resonant modes, respectively.

Conclusions {#Sec6}
===========

In summary, we develop a method to improve the photothermal excitation efficiency of microcantilevers by using Au NPs. Our results show that Au NPs can greatly increase the vibration amplitude by 598% than the blank one in response to 523 nm light. It is confirmed that the enhancement arises from LSPR and depends on the geometric aspects of Au NPs and the microcantilever length. The Au NPs can also increase the quality factor of the microcantilevers due to effects of added mass. We believe that the accumulative thermal effect of Au NPs can benefit the photothermal conversion efficiency. This plasmonic microcantilever has significant technical implications and can serve as an excellent optical power meter with a detection limit of 0.37 pm/nW.

Methods {#Sec7}
=======

Au NPs were fabricated on silicon (Si) microcantilevers (MikroMasch, length *l* ~*Si*~ = 350 μm, 300 μm, 250 μm, width *w* ~*Si*~ = 35 μm, thickness *t* ~*Si*~ = 1 μm) by a sputtering post annealing technique. To achieve this, Au film was first sputtering coated onto the microcantilevers in a sputter coating system (ETD 2000, China), at 10 mA in vacuum for different periods of times (*T* ~*s*~) ranging from 30s, 60s, 90s, 120s to 240s, respectively. The microcantilevers were then annealed at 500 °C in nitrogen for 1 hour to obtain Au NPs of different geometric aspects.

Figure [5](#Fig5){ref-type="fig"} shows the experimental setup used for the measurement of the vibration behaviors of the microcantilevers. We use light emitting diode (LED) as the excitation source. LED offers several advantages over laser diode for microcantilever excitation that include: (1) lower cost and longer service time (\>100 k hours), (2) wider spectral coverage, (3) better modulation flexibility, and (4) better system integrability with microcantilever. In our experiments, we picked up LEDs commercially available in market with central emission wavelengths at 365 nm, 385 nm, 425 nm, 460 nm, 523 nm, 620 nm, 850 nm and 940 nm, respectively. The LEDs were modulated by an arbitrary waveform generator (Model 33220a, Agilent, USA). The emission profile of the LEDs was adjusted by a frosted glass to achieve homogeneous light distribution on the microcantilevers. The power density (*I*) of the light was calibrated by an optical power meter (PD300-UV-193 ROHS, OPHIR, Israel). The microcantilever vibration was monitored by a laser Doppler vibrometer (OFV-5000/534, Polytec, Germany), equipped with a lock-in amplifier (Model 7265, Signal recovery, USA). The experimental data were collected by a data acquisition card (Model PCI-6111, NI, USA) and processed by a PC^[@CR42]^.Figure 5Schematic diagram of the experimental setup used for photothermal excitation of a microcantielver by using LED.
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